Introduction
In April 1998, a piece of concrete, locating on the ceiling of the tunnel, fell from the Shinkanmon Tunnel on Sanyo Shinkansen Line. A lot of water including salt simultaneously spouted off the place where the piece of concrete fell. The water hit an overhead wire and grounded. Therefore, the accident was occurred that the train could not run itself in the Shinkanmon Tunnel on Sanyo Shinkansen.In June 1999, a piece of concrete fell from the Fukuoka Tunnel on Sanyo Sinkansen Line and hit a train passing through the tunnel, damaging the pantograph and other parts of the train. The piece of concrete that fell weighed approximately 200 kg. In October 1999, a piece of fallen concrete weighing several hundred kilograms was also discovered in the Kita-Kyushu Tunnel on Sanyo Shinkansen Line. Fortunately , this piece of concrete did not affect the trains in any way .
The results of JR-W est's investigation of the mechanism behind these break off accidents indicate that cracks, etc., that developed inside the lining concrete at the time of construction or immediately after construction subsequently expanded, eventually surrounding an area of concrete on all sides, causing it to break off. Based on this mechanism of problem development, JR-W est decided to pursue an inspection method that would make it possible to predict when a break off m ay occur by using visual inspection, etc., to first examine the surface of lining concrete, and then for any areas that may be surrounded on all sides by cracking, use some method (for example, hammering inspection) to inspect the inner area of the concrete.
Currently , hammering sounding tests are generally used for inspecting the inner condition of lining concrete in tunnels. There are problems with this method, however, including varying results from different inspectors and a lack of quantitative results. There is also a limit to the depth to which hammering inspection is effective, roughly 15 cm from the surface. Core boring is also used, and this method makes it possible to directly ascertain the internal conditions of lining concrete. However, this method is also a form of destructive inspection and requires that the area where the lining concrete was cut be repaired. There are also problems with this method in terms of cost and work efficiency . What is therefore needed is a device that can inspect the internal area of lining concrete in a non-destructive manner .
In the past, electromagnetic wave radar methods, ultrasonic diagnostic methods, etc., have been studied as methods of non-destructive inspection for the internal areas of lining concrete in tunnels. However, with the electromagnetic wave radar method, although lining concrete depth and cavities at the back of lining concrete can be detected, this method can not detect cracks inside the lining. With the ultrasonic method, although cracks can be detected, the signal penetrating through the concrete deteriorates quickly , making it impossible to inspect positions within the concrete. Therefore, JR-W est attempted to perform a macro-type of inspection using a type of sonic wave that has less resolution than ultrasonic waves, but also undergoes less signal degradation because of its long room wavelength. Ultrasonic waves usually have a frequency bandwidth of 20 kHz or higher, but the waves used for this study had a frequency bandwidth of 1 kHz to 10 kHz.
Based on the mechanism behind the break off accidents that have occurred thus far, in order to ascertain the three-dimensional conditions of problems within the concrete and to select a suitable repair method, the development of this inspection device was based on the following concepts.
The device must be able to judge the presence of problems (cracks, honeycomb) at depths greater than depths that can be inspected by hammering. The device must be able to estimate the depth of the problem from the surface. The device must be able to identify the type of problem (honeycomb, crack).
Fundamental Principle
As shown in Fig. 1 , when an oscillation frequency is applied to an area where there is a problems such as a crack or honeycomb, the plate section between the surface and the problem will vibrate greatly , like the skin of a drum. Conversely , if an oscillation frequency is applied to a sound area where there are no problems, the received vibration is small. Thus, the size of the vibration can be used to judge whether or not a problem exists and to estimate the depth of a problem from the surface. The fundamental structure of this device is shown in Fig.  2 . The device components are comprised of a sensor unit, the main unit and a compressor for the suction mechanism. During measurement, the sensor unit is pressed against the area being measured and held in place by suction. The vibrator of the sensor unit then applies an oscillation frequency to the area being measured and the receiver in the sensor unit picks up the response vibration. This time history response single undergoes Fourier transformation in the main unit and the resulting data is used to make the various types of evaluations.
Fig. 2 Device Structure
Both the vibrator sensor and the signal reception senso r use sensor units that use magnetostrictive elements. Magnetostrictive elements have the following characteristics.
Magnetostrictive elements generate a lower frequency than the piezoelectric elements used in ultrasonic diagnostic methods, so there is less signal damping as the signal travels through the concrete resulting in a high S/N ratio.
Magnetostrictive elements have a strong material strength, so they can apply a strong oscillation force to the concrete.
The vibrator , which is the device that applies the oscillation frequency , sweeps across a frequency bandwidth of 1 kHz to 10 kHz while applying an oscillation frequency to the concrete surface. By sweeping across this bandwidth, the radiator can simultaneously apply oscillation over a broad frequency bandwidth to the concrete, making it possible to detect various shapes inside the lining concrete. In other words, the concrete simultaneously responds to various particular frequencies.
The use of the mechanism for attaching the sensor unit to the concrete by suction offers the following advantages. Signals are transmitted more efficiently between the concrete and sensor unit. There is no need for the surface processing work, such as surface polishing, that is generally used with ultrasonic diagnostic methods.
The sensor unit is held to the wall surface by suction while the measurements are being made, reducing the amount of work that needs to be done by the device operator .
The measurement operation requires a total of two people, one to operate the sensor unit and one to operate the main unit. The time required to make a measurement is approximately 10 seconds per measurement point, and the size of the area measured at one point is nearly the same as the size of the sensor unit (15 cm high, 20 cm wide).
(2) Diagnostic Functions
In accordance with the device development concepts, this device has the following three diagnostic functions.
Function for determining whether or not a problem is present. Function for estimating the depth of a problem. Function for identifying the type of problem.
The device also has one additional function --when there is no problem in the concrete, the device can estimate the thickness of the lining concrete.
(3) Diagnostic Algorithm
The diagnostic algorithm used by this device is shown in Fig. 3. In the flow of the algorithm, first, the device determines whether or not a problem exists. If a problem is detected, the system proceeds to estimate the depth of the problem and identify the type of problem. 
Construction of the Diagnostic Algorithm and V erification of Precision (1) Waveform Example
A sample waveform obtain from the Sanyo Shinkansen Tunnel is shown in Fig. 4 . When a problem exists, large peaks are seen at 5000 Hz or below, and there are also small peaks at the frequency bandwidth of 1000 Hz to 1500 Hz. When there are no problems in the concrete, the peaks are low overall, and are particularly low in the range of 1000
Hz to 1500 Hz.
Fig. 4 Waveform Example (2) Judging Whether or Not a Problem Exists 1) Establishment of the Diagnostic Algorithm
When there is a problem in the concrete, a large peak is seen, as in the waveform example in the previous section. The results of the study of 48 core samples taken from the Sanyo Shinkansen Tunnel clarify that the strongest correlation is between the existence of a problem and an area surrounded by waveforms at 1000 Hz to 1500 Hz. Therefore, the parameter used for judging whether or not a problem exists is obtained by integrating the energy level (the square of the amplitude) across the range of 1000 Hz to 1500 Hz, as shown in the following formula. The L 1500 histograms for the 48 core samples take n from the Sanyo Shinkansen Tunnel are shown in Fig.5 , with no distinction made as to the presence or absence of problems. The histogram indicates an L 1500 of 0.00001 as the boundary for the distinct division between problem and sound areas, so this value is used as the threshold for judging whether or not a problem exists.
Fig. 5 L 1500 Histograms
The algorithm for determining whether or not a problem exists is shown in Fig. 6.
Fig. 6 Algorithm for determining whether or not a problem exists 2) Results of Algorithm Verification
In order to verify this algorithm, problem detection tests were conducted using concrete test blocks with internal problems. The results of these tests are shown in Fig.  7 .
Fig. 7 Verification With T est Block
Except of the following data 1), 10 cm from the end s of the problem areas , 2) locating at a depth of 20 cm or less , for the 233 samples tested, (a) 209 were evaluated correctly , (b) 20 sound locations were evaluated as "Problem", and (c) 4 problem locations were evaluated as being "Sound". The 20 incorrect evaluations of (b) were thought to be due to the effects of the test block edges. Also, as these incorrect evaluations err on the side of safety , they present no particular problem. The 4 incorrect evaluations of (c) all occurred with specific concrete test blocks, so it is thought that these errors were the result of characteristic specific to those test blocks.
These results indicate that the algorithm for evaluating the presence of a problem, an algorithm based on tunnel data, also produces favorable results when applied to the test blocks.
(3) Estimating Problem Depth 1) Establishment of the Diagnostic Algorithm
For the 21 core samples taken from the Sanyo Shinkansen Tunnel in which problems were seen, a trend was seen in which the waveform peaks became larger as the depth of the problem decreased. A detailed study has clarified that the strongest correlation is between the depth of the problem and the surface area surrounded by 1000 Hz to 5000 Hz waveforms. Therefore, the parameter used for judging the depth of a problem is obtained by integrating the energy level (the square of the amplitude) across the range of 1000 Hz to 5000 Hz , as shown in the following formula. The algorithm for estimating depth is shown in Fig. 8 . Fig.9 shows the relationship between L 5000 and the problem depth in 21 core samples , which were taken from the Sanyo Shinkansen Tunnel and found to have problems. 2) Results of Algorithm V erification In order to verify the accuracy of this algorithm, depth estimation tests were conducted using concrete test blocks . The results are shown in Fig. 11 . The conditions applied to the test block measurement s were 1) 10 cm from the ends of the problem areas were excluded from the measurements and 2) the problems were at a depth of 20 cm or less. A total of 62 samples were measured. The standard deviation among the samples was 3.7 cm , indicating an estimation precision nearly equal to that obtained in the tunnel.
Fig. 8 Algorithm for estimating depth

Fig. 1 1 Relationship Between Estimated Depth and True Depth (Test Block)
These results indicate that the algorithm for estimating problem depth, an algorithm based on tunnel data, has also produced favorable results when applied to the test blocks.
(4) Problem Type Identification
Although the amount of data was small, favorable results were obtained with the function for identifying problem type.
Application Limits
Based on the diagnostic principle, when the re are few problems and the problems are deep inside the concrete, there is a large amount of constraint that acts in resistance to the defection vibration, so even though problems do exist, the measurement results indicate no problems. Also, measurements cannot be made at locations at which air leaks at the suction seal of the sensor unit. Therefore, it would normally be difficult to utilize this device under the following conditions.
When the problem area is less than 30 cm square. When the problem is at a depth of more than approximately 20 cm. Results often indicate sound concrete.
When the surface honeycomb is very uneven. When a crack runs through the area to be measured. Measurement may not be possible.
The device operator must understand these characteristics (application limits) when using the device.
Conclusions
A diagnostic algorithm was established using data measured in the Sanyo Shinkansen Tunnel and the algorithm was verified using concrete test blocks . The results of the verification have indicated that the level of error is low enough that it would not present problems in practical application and that the algorithm can be used for diagnosis. JR-W est has completed an improved device for practical application such as the evaluation of a lightweight sensor unit. And we have performed performance verification tests with this improved device . The result was "good" and we confirmed that this improved device could be used for practical application.
